Purpose: Addition of the dipeptidyl peptidase-4 (DPP4) inhibitors to insulin in patients with type 2 diabetes mellitus (T2DM) may achieve better glycemic control. However, results of pilot randomized controlled trials (RCTs) are inconsistent. We aimed to perform a metaanalysis of RCTs to evaluate efficacy and safety of DPP4 inhibitors compared with placebo/ no treatment as add-on therapy to insulin in T2DM patients. Materials and methods: Relevant studies were identified via a search of PubMed, Cochrane Library, and Embase databases. A fixed or random effect model was applied according to the heterogeneity. Results: Overall, 22 RCTs with 6,957 T2DM patients were included. Addition of DPP4 inhibitors to insulin was associated with significantly reduced HbA1c as compared with controls (weighed mean difference [WMD]: −0.54%, p<0.001). The benefits of DPP4 inhibitors as add-on therapy on HbA1c were independent of study design, follow-up duration, categories of DPP4 inhibitors used, and using of fixed/adjustable insulin doses as indicated by predefined subgroup analyses. Moreover, addition of DPP4 inhibitors to insulin was associated with significantly reduced fasting blood glucose (WMD: −0.47mmol/L, p<0.001), postprandial glucose at 2 hrs (WMD: −2.03 mmol/L, p<0.001), and daily dose of insulin (WMD: −2.73U/d, p<0.001), while body weight (WMD: 0.02 g, p=0.81) or risk of symptomatic hypoglycemia (risk ratio: 0.92, p=0.37) were not affected. Conclusions: Addition of DPP4 inhibitors to insulin significantly improved the glycemic control in T2DM patients without further increasing the risk of weight gain and hypoglycemia.
Introduction
The incidence of type 2 diabetes mellitus (T2DM) is increasing rapidly worldwide. [1] [2] [3] Pathophysiologically, patients with T2DM are characterized by insulin resistance and lack of insulin secretion by the β cells of the pancreatic islet. 4, 5 Although initial treatment with oral antidiabetic drugs (OADs) is effective for glycemic control in T2DM patients, with the deterioration of the β cells of the pancreatic islet during the progression of the disease, exogenous insulin injection is eventually needed. 6, 7 Currently, multiple regimens of insulin injections are applied in clinical practice, such as basal insulin treatment, basal and premeal bolus insulin injections, and premix insulin treatments, and with which, satisfying glycemic control can be achieved in most T2DM patients. [8] [9] [10] However, insulin treatment is associated with adverse events including gain of body weight (BW) and hypoglycemia, which are related to the increase of the daily insulin dose. 11, 12 Therefore, exploring an optimized add-on therapy to insulin is of clinical significance for the improvement of glycemic control and reducing the risk of adverse events in T2DM patients with insulin injections.
Conventionally, many OADs exert their hypoglycemic efficacies via insulin-dependent mechanisms, such as stimulation of endogenous insulin secretion and improvement of peripheral insulin resistance. [13] [14] [15] The dipeptidyl peptidase-4 (DPP4) inhibitors are a novel group of OADs which exert hypoglycemic efficacy via inhibiting the degradation of gastrointestinal incretins including glucagon-like peptide-1 (GLP-1) and glucose-dependent insulinotropic polypeptide (GIP). 16, 17 Increased GLP-1 and GIP resulted from DPP4 inhibiting, potentiate glucose-stimulated insulin secretion, which is complementary to the direct insulin injection in T2DM patients. 18 Moreover, unlike GLP-1 receptor agonists, DPP4 inhibitors can be orally administered, do not reduce BW, and do not cause serious gastrointestinal adverse reactions. 19, 20 Therefore, theoretically, combination of DPP4 inhibitors and insulin treatment may exert beneficial effects in T2DM patients compared to intensive insulin therapy. In fact, some pilot randomized controlled trials (RCTs) have evaluated the efficacies of DPP4 inhibitors as add-on therapy to insulin in T2DM patients. However, the scales of these RCTs are generally small and the results of them are not always consistent. Although two previous metaanalyses were performed to evaluate the efficacy of the addition of DPP4 inhibitors to insulin therapy in T2DM patients, these two studies are with certain methodological flaws. 43, 44 One of them included RCTs with active OADs in the control arm, which makes it difficult to interpret the results. 43 The other one only included RCTs with stable insulin regimens, and studies with insulin dose titration were excluded, leading to the missing of the important study data. 44 In addition, some recently published studies were not included in the previous meta-analysis, and the influences of patient and study characteristics on the hypoglycemic efficacy of DPP4 inhibitors added-on to insulin have not been determined. Therefore, we aimed to perform an updated meta-analysis to evaluate the overall effects of DPP4 inhibitors as add-on therapy to insulin in T2DM patients. Furthermore, particular attention will be paid regarding the influences of study design, patient characteristics, and categories of DPP4 inhibitors on the glycemic control efficacy in T2DM patients receiving a combined therapy with DPP4 inhibitors and insulin.
Methods
This meta-analysis was designed and performed in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses 45 and the Cochrane Handbook guidelines. 46 
Search strategy
We searched the Medline (PubMed), Embase (Ovid), and CENTER (Cochrane Library) databases using the combination of the following terms: (1) "DPP4", "DPP-4", "dipeptidyl peptidase-4 inhibitors", "sitagliptin", "vildagliptin", "linagliptin", "saxagliptin", "alogliptin", "dutogliptin", "aemigliptin", "anagliptin", "teneligliptin", "trelagliptin", or "omarigliptin"; (2) "insulin"; and (3) "random", "randomly", or "randomized". The date of the final database search was October 18, 2018. We limited the search to clinical studies in humans. The references of related original and review articles were manually searched for potential studies.
Study selection
Studies that met the following criteria were included: (1) full-length articles in English; (2) RCTs with a parallel design; (3) included patients with confirmed T2DM; (4) assigned patients to either an oral DPP4 inhibitor intervention group or a placebo or no treatment control group, combined with insulin therapy with or without background OADs; (5) with at least ten patients in each arm; (6) with treatment duration of at least eight weeks; and (7) data of at least one of the following outcomes could be extracted or estimated, including glycosylated hemoglobin (HbA1c), fasting blood glucose (FBG), postprandial glucose at 2 hrs (PPG2h), daily insulin dose, changes of BW, and the incidence of symptomatic hypoglycemia events. We applied no limitations to insulin regimens (basal only, basal and premeal bolus, or premix insulin) in this study. Review articles, preclinical studies, and studies comparing DPP4 inhibitors with other active OADs as add-on therapy to insulin were excluded.
Data extraction and quality assessment
Literature search, data extraction, and quality assessment were performed by two authors independently. Discrepancies were resolved by consensus with a third author. The Cochrane Risk of Bias Tool 46 was applied for study quality evaluation.
Statistical analysis
The meta-analysis and statistical analysis were performed with RevMan (Version 5.1; Cochrane Collaboration, Oxford, UK) and Stata (version 12.0; Stata Corporation, College Station, TX) software. The primary outcome of this meta-analysis was the difference between changes of HbA1c from baseline in DPP4 inhibitors and controls. The secondary outcomes included changes of FBG, PPG2h, daily insulin dose, BW, and the incidence of hypoglycemia. The effect of a continuous variable was presented as a weighed mean difference (WMD) with the 95% CI, while for a categorized variable, a risk ratio (RR) with the 95% CI was used. Heterogeneity was evaluated by Cochrane's Q test, 46 and significant heterogeneity was considered if p<0.10. The I 2 statistic, indicating the percentage of total variation across studies, was also calculated as a description of heterogeneity. 47 A random effect model was used if significant heterogeneity was detected; otherwise, a fixed effect model was applied. For studies with the more than one interventional arm, multiple comparisons were considered and included in the meta-analysis separately. Subgroup analyses were performed to evaluate the potential influence of predefined study and patient characteristics on HbA1c, including study design, sample size, mean age of the patients, followup duration, whether titration of insulin dose was applied, and which DPP4 inhibitor was used. Publication bias was assessed by visual inspection of the symmetry of the funnel plot 48 and Egger's regression asymmetry test. 46 P-values were twotailed, and statistical significance was set at P<0.05.
Results

Study selection
The process of study selection is summarized in Figure 1 . Briefly, 1,851 studies were obtained via initial database search, and 51 potentially relevant studies were retrieved after selection based on titles and abstracts. Subsequently, 22 studies were included in the meta-analysis after further excluding of 29 studies based on the following reasons: six were not RCTs, eight were not with addition of DPP4 inhibitors to insulin as intervention, eight were with follow-up durations <8 weeks, one was with <10 patients in each study arm, two were with combination of active OADs (sulfonylureas or glinides) and insulin in controls, and the other four were repeated reports of the included RCTs.
Study characteristics and quality evaluation
Overall, 22 RCTs with 6,957 T2DM patients were included in the meta-analysis. One study 22 included two intervention arms with alogliptin 12.5 mg/d and 25 mg/d, respectively, and two comparisons were considered for this study, which were included for analysis separately. The characteristics of the included RCTs are shown in Table 1 . Briefly, the mean ages of the included patients varied from 51.0 to 69.1 years, and the baseline HbA1c ranged between 7.5% and 9.3%. Sitagliptin was the most frequently used DPP4 inhibitors in these studies, followed by vildagliptin, alogliptin, saxagliptin, linagliptin, and teneligliptin. Most of the included studies included patients with various regimens of insulins, while two studies only included patients with basal insulin 32, 35 and another study 31 included patients with premix insulin (BIAsp30) only. The follow-up durations varied from 12 to 104 weeks. The doses of insulin were maintained stable in both arms in most of the included RCTs except for eight studies, in which the titration of insulin dose was allowed according to predefined algorithms. 30, 31, [34] [35] [36] 38, 39, 42 The summary of quality evaluation via a Cochrane's Risk of Bias Tool is shown in Table 2 . Overall, the quality of the included studies was moderate. Fourteen studies were double-blinded and placebo-controlled RCTs. [21] [22] [23] [24] [26] [27] [28] [29] [30] 32, 37, 39, 40, 42 Methods of random sequence generation were reported in seven studies, 23, 26, 28, 36, [38] [39] [40] while the strategies for allocation concealment were only reported in one study. 40 
Effects of addition of DPP4 inhibitors to insulin on HbA1c
Meta-analysis with 22 studies showed that addition of DPP4 inhibitors to insulin was associated with significantly reduced HbA1c as compared with controls (WMD: −0.54%, 95% CI: −0.66 to −0.42, p<0.001; Figure 2A ) with significant heterogeneity (I 2 =82%, p for Cochrane's Q test <0.001). Subsequent results of subgroup analyses showed that the effects of addition DPP4 inhibitors to insulin on HbA1c were consistent regardless of the study design characteristics, sample sizes of the RCTs, mean ages of the patients, followup durations of the studies, categories of the DPP4 inhibitors, or whether a stable or an up-titrated insulin dose was applied (Table 3) . Interestingly, we found that the benefit of addition of DPP4 inhibitors to insulin on HbA1c was more remarkable in double-blinded, placebo-controlled RCTs, indicating the robustness of the findings. Moreover, trends could be observed that benefits of addition of DPP4 inhibitors to insulin on HbA1c may be more remarkable in short-term studies (<24 weeks) as compared with long-term studies (>24 weeks, p for subgroup difference =0.06), and in studies with stable insulin dose as compared with those with insulin dose titration (p for subgroup difference =0.05).
Effects of addition of DPP4 inhibitors to insulin on FBG and PPG2h
The pooled results showed that addition of DPP4 inhibitors to insulin was associated with significantly reduced FBG (WMD: −0.47 mmol/L, 95% CI: −0.71 to −0.23, p<0.001; I 2 =58%; Figure 2B ) and PPG2h (WMD: −2.03 mmol/L, 95% CI: −2.53 to −1.54, p<0.001; I 2 =52%; Figure 2C ) as compared with controls.
Effects of addition of DPP4 inhibitors to insulin on daily insulin dose, BW, and hypoglycemic events
Addition of DPP4 inhibitors to insulin was found to be associated with a significantly reduced daily dose of insulin (WMD: −2.73U/d, 95% CI: −3.96 to −1.51, p<0.001; I 2 =70%; Figure 3A ) as compared with controls. Moreover, addition of DPP4 inhibitors to insulin did not significantly affect BW (WMD: 0.02 Kg, 95% CI: −0.16 to 0.20, p=0.81; I 2 =32%; Figure 3B ) or risk of symptomatic hypoglycemia (RR: 0.92, 95% CI: 0.78 to 1.10, p=0.37; I 2 =60%; Figure 3C ) as compared with controls.
Publication bias
The funnel plots for the effects of DPP4 inhibitors as add-on therapy to insulin compared with controls on HbA1c, FBG, PPG2h, daily insulin dose, BW, and incidence of symptomatic hypoglycemic events are shown in Figure 4A -F, which were all symmetrical on visual inspection symmetrical on visual inspection, suggesting no significant publication biases. These findings were further supported by the results of Egger's regression tests (p=0.312, 0.432, 0.237, 0.539, 0.418, and 0.602, respectively).
Discussion
In this meta-analysis of RCTs, we found that addition of DPP4 inhibitors to insulin significantly improved the glycemic control in T2DM patients as compared with placebo/no treatment to insulin. Moreover, the benefits of DPP4 inhibitors as an addon therapy to insulin on glycemic control were consistent regardless of the study design, follow-up duration, and categories of DPP4 inhibitors used. In addition, the benefits of DPP4 inhibitors as an add-on therapy to insulin on glycemic control were observed not only in studies with stable insulin dose, but also in studies with insulin dose titration. Besides, the addition of DPP4 inhibitors to insulin significantly reduced daily insulin dose, without significant influences on BW or risk 
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of hypoglycemia. These results suggested that DPP4 inhibitors as an add-on therapy to insulin improved glycemic control without further increasing the risk of weight gain and hypoglycemia in patients with T2DM. Previously, two meta-analyses performed by Chen et al 43 and Kim et al 44 have been published concerning the efficacy of DPP4 inhibitors as add-on therapy to insulin. Our study is different from the previous two meta-analyses in the following aspects. Firstly, the meta-analysis by Chen et al included RCTs comparing the effect between DPP4 inhibitors and placebo/no treatment/active OADs as add-on therapies to insulin. 43 The various regimens of controls in this meta-analysis may confound the results. In the meta-analysis by Kim et al, the authors focused on studies with stable insulin dose, while the potential glycemic benefits of addition of DPP4 inhibitors to insulin with adjustable dose therefore cannot be confirmed. 44 ,957 in our meta-analysis) were much larger in our study than the previous ones, which makes our study with larger statistical power to show a significantly improved FBG and PPG2h in DPP4 inhibitor groups. Thirdly, the large scale of the current meta-analysis allowed us to perform subgroup analysis for the influence of the combined treatment with DPP4 inhibitors and insulin on HbA1c. Generally, the results of our meta-analysis are consistent with the previous two meta-analyses, 43, 44 which showed that addition of DPP4 inhibitors to insulin improved glycemic control in T2DM patients. Moreover, results of our subgroup analyses showed that the benefits of DPP4 inhibitors as an add-on therapy to insulin on glycemic control were consistent regardless of the study design, follow-up duration, and categories of DPP4 inhibitors used. Finally, we found that benefits of DPP4 inhibitors as an add-on therapy to insulin on glycemic control were observed not only in studies with stable insulin dose, but also in studies with insulin dose titration. These results implied that in T2DM patients that are inadequately controlled by insulin, adding DPP4 inhibitors to insulin may be superior in glycemic control as compared with the up-titration of the insulin dose. The synergetic effect of the addition of DPP4 inhibitors to insulin therapy on glycemic control may be explained by the potential insulin-independent hypoglycemic effect of DPP4 inhibitors. The DPP4 inhibitors prevent the degradation of gastrointestinal incretins including GLP-1and GIPs, thereby improving glycemic control via various mechanisms besides stimulation of insulin secretion, such as glucagon suppression. 49 The complementary actions of DPP4 inhibitors to insulin therapy may be the fundamental reasons for the benefits of combined therapy on glycemic control. This is also reflected by one of the findings from our meta-analysis which showed a significantly reduced daily insulin dose in patients receiving combined therapy with DPP4 inhibitors and insulin. Moreover, our meta-analysis showed that addition of DPP4 inhibitors to insulin did not the risks of BW gain and hypoglycemia. This is not surprising since DPP4 inhibitors are confirmed to have no significant influence on BW and with low risk of hypoglycemic events. 19 Additionally, patients from the combined therapy group had lower daily insulin dose than controls as evidenced by the results of our meta-analysis, which may also be a potential reason that the combined treatment did not significantly increase the risk of adverse events such as weight gain and hypoglycemia.
Our study has limitations. Firstly, our study is a studylevel-based meta-analysis. Results of subgroup analysis according to the study or patient characteristics (such as mean ages, and follow-up duration) should be interpreted with caution since we did perform the stratified analyses based on the individual patient data. Secondly, significant heterogeneity remains in some outcomes of our meta-analysis, and differences in the regimens of insulin treatment of the included RCTs may contribute to the heterogeneity. However, subgroup analyses according to the regimens of insulin treatment could not be performed since most of the RCTs included patients with mixed insulin regimens, while stratified data were rarely available. In one of the included RCTs, addition of sitagliptin various regimens of insulin, including premixed, immediate-acting, and long-acting insulin showed similar efficacies on HbA1c reduction in T2DM patients. 23 Similarly, a recent post-hoc analysis of two clinical trials showed that sitagliptin in combination with premixed insulin achieved better glycemic control than premixed insulin alone. 50 Therefore, whether addition of DPP4 inhibitors to different regimens of insulin treatment confers similar benefits remains to be determined. Thirdly, the comparative efficacies between DPP4 inhibitors and other active OADs as add-on therapies to insulin cannot be determined based on our results, and direct comparative RCTs are lacking. Previous meta-analyses based on indirect comparisons showed that DPP4 inhibitors may be inferior to sodium glucose cotransporter 2 inhibitors, 51 but similar to thiazolidinedione and GLP-1 receptor agonists in glycemic control as add-on therapies to insulin in T2DM patients. 52 However, these results should be validated in head-to-head RCTs. Fourthly, whether addition of DPP4 inhibitors to insulin improves the clinical outcome should be evaluated in future studies.
In conclusion, results of our meta-analysis showed that addition of DPP4 inhibitors to insulin significantly improved the glycemic control in T2DM patients without further increasing the risk of weight gain and hypoglycemia. The benefits of DPP4 inhibitors as add-on therapy on glycemic control were independent of study design, follow-up duration, categories of DPP4 inhibitors used, and using of fixed/adjustable insulin doses. The DPP4 inhibitors as an add-on therapy to insulin should be considered in T2DM patients in clinical practice.
